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Introduction
Osteoporosis is a metabolic bone disease decreasing bone strength and leading to an increased fracture risk. Beyond loss of bone mass, degradation of the trabecular microarchitecture belongs to most definitions of osteoporosis (1) and contributes to bone fragility (2) . Bone volume fraction (BV/TV), fabric anisotropy and a variety of other morphological variables accessible via micro-computed tomography (μCT), constitute potential determinants of the mechanical properties of cancellous bone.
Standard 3D parameters, inspired from stereology (3) , include connectivity density, trabecular thickness, spacing, number and surface (4) (5) (6) (7) (8) (9) (10) (11) (12) . However, those indices have very limited value for assessing the bone elastic properties (13) . New variables were introduced by decomposing the trabecular network into rods and plates (14) . Yet, the best multi-linear models combining trabecular spacing, rod thickness and ratio rod volume over total bone volume only slightly outperformed BV/TV alone in terms of stiffness prediction (15) . Recent results from individual trabeculae segmentation (ITS) suggest that axial BV/TV and plate BV/TV may be better determinants of the elastic and yield properties of trabecular bone than BV/TV alone (16, 17) .
Rod-related variables were found to contribute less to bone stiffness (16, 17) , which contradicts prior findings (15) . The trabecular bone score (TBS) is a 2D texture parameter possibly related to trabecular structure. Initially developed on projections of μCT images, it was proposed as an ancillary use of dual energy X-ray absorptiometry (DXA) to provide complementary information for the diagnosis of osteoporosis (18, 19) . However, TBS does not improve the prediction of compressive vertebral stiffness and strength provided by areal bone mineral density (aBMD) alone (20, 21) .
Alternatively, accounting for trabecular fabric anisotropy enhances the high correlations between bone volume fraction and stiffness (22) . In fact, with only these two variables (BV/TV and fabric), morphology-elasticity relationships can already explain more than 95% of the variation in elastic properties of trabecular bone under multi-axial tests performed numerically (micro finite element analyses -μFEA) (23) (24) (25) . Although other morphological indices are valuable to describe the evolving trabecular architecture under disease or therapy, it is still unclear whether they can improve these stiffness predictions at all.
Relying on statistically sound multi-linear regression models of μCT and μFE data, the aim of this work is to evaluate the contribution of the eligible morphological variables in determining multi-axial elastic properties of trabecular bone.
Materials and methods
Preparation, imaging and numerical testing μCT and μFE data from previous studies were used (26) (27) (28) . Briefly, trabecular bone sections from head, neck, greater and lesser trochanter of proximal femurs (two female donors; 66 ± 8 years), distal radius (three pairs; gender and age of the donors unknown), vertebral bodies (six male donors; 60 ± 16 years; T11, L2 and L4 levels) and iliac crests (17 male, 9 female and 16 unknown donors; 66 ± 12 years) were scanned in a μCT (μCT40, Scanco Medical , Brüttisellen, Switzerland) at a resolution of 18μm ( Fig.1 ). After segmentation, the authors removed the unconnected bone regions and extracted 743 cubic volume elements (CVE) with a 5.3 mm side length (4 mm for the iliac crest samples) from the trabecular core (29) (264 femoral, 81 radial, 356 vertebral and 42 iliac crest samples). Then, segmented image voxels were converted into linear hexahedral elements with a Young's modulus of 12 GPa and a Poisson's ratio of 0.3 (30) to generate μFE models. Three uni-axial tension and three shear tests were simulated on the CVEs with kinematic uniform boundary conditions (KUBCs) (31) and their full homogenised stiffness tensor ℂ was computed (32) . The anisotropic stiffness tensor characterizes the elastic response of trabecular bone to any possible loading.
Histomorphometry BV/TV and the standard morphological parameters were computed via IPL (Scanco Medical, Brüttisellen, Switzerland) or ImageJ (33) . The current standards and nomenclature were used (34) . Structure model index (SMI), connectivity density (Conn.D), trabecular thickness (Tb.Th) and its standard deviation (Tb.Th.SD), spacing (Tb.Sp and Tb.Sp.SD), number (Tb.N) and surface (BS) were evaluated for the CVEs. The ITS indices were measured via the dedicated ITS analysis software of Columbia University (bit.ly/ColumbiaITS) (16, 17) . This discrimination between rod and plate-like trabeculae after a topology-preserving skeletonization of the trabeculae yielded plate and rod BV/TV (pBV/TV, rBV/TV), axial BV/TV (aBV/TV), plate and rod tissue fraction (pBV/BV, rBV/BV), plate and rod trabecular number density (pTb.N, rTb.N), plate and rod trabecular thickness (pTb.Th, rTb.Th), plate trabecular surface (Tb.S), rod trabecular length (rTb.l), trabecular connection densities between plate-plate (PP Junc.D), plate-rod (PR Junc.D) and rod-rod (RR Junc.D). Trabecular bone score (TBS) was implemented in Python following the original papers (18, 19) . The technique is essentially based on the experimental semi-variogram of a 2D image. Such variogram compares variations of gray-level between pairs of pixels, independently of their orientation and is widely used in geophysics for instance, assessing the roughness of a terrain (35) . The average squared difference γ(h) of intensity values is computed between each pixel of interest P(i,j) and all its neighbouring pixels N(h), separated by a lag distance h, which is increased incrementally. The higher γ, the more variability in the image. TBS, the slope at origin of the variogram on a log-log scale, has no physical unit and reflects the variation between adjacent pixels. Two-dimensional images were created via Medtool (drpahr.at) by projecting the segmented µCT data of the CVEs on 3 planes x, y, z and TBS was computed for each projection (18) .
Isotropic and anisotropic morphology-elasticity relationships
Among other models, the Zysset-Curnier fabric-elasticity relationship (25) was used to calculate the homogenised stiffness tensor ℂ model of each CVE predicted by BV/TV and fabric. The anisotropy information is provided by the positive definite fabric tensor (36) determined via mean intercept length (MIL) (37) . The isotropic model is created by replacing the fabric tensor by an identity tensor (26) . A multi-linear problem was created after logarithmic transformation of the fabric-elasticity model ( Figure 1 ). The multi-linear regression aims at minimising the sum of squared residuals between ℂ and ℂ , the predicted and measured homogenised stiffness tensors. To ensure the validity of such a model, both homoscedasticity (homogeneity of the variance) and normality of the residuals were checked graphically.
Predictive power of each morphological variable in isotropic and anisotropic models
To decide on the best determinant of the bone elastic properties, BV/TV was successively replaced in the Zysset-Curnier model by each morphological parameter other than fabric.
While trabecular bone features an anisotropic structure adapted to external loadings, accounting for trabecular fabric anisotropy enhances significantly the stiffness predictions of BVTV-based isotropic models (22) . Fabric was therefore chosen as the 2 nd independent predictor. Anisotropic and isotropic models were then tested by accounting for or neglecting the fabric in the calculations. Their adjusted coefficients of determination (r 2 adj ) between measured (ℂ ) and predicted (ℂ ) stiffness tensors and their residual standard errors (RSE) were computed.
Selection of the independent parameters
A multi-linear model is mathematically valid if it includes only independent factors. High correlations among explanatory variables are likely to cause multicollinearity, which artificially inflates the variance of the estimated regression coefficients compared to a model with independent variables and consequently, the estimators cannot be trusted for prediction.
Since high correlations were previously found between several variables, a selection based on the variance inflation factor (VIF) was performed in R 3.0.1 (r-project.org) using the package vif (38) to detect independent variables and avoid multicollinearity and overfitting of the model.
VIF quantifies the variance-inflation of a regression coefficient due to multicollinearity.
Parameters with the highest VIF values, except BV/TV that is the best determinant, were successively rejected from a multi-linear regression system that originally included all available morphological parameters and the VIF of the remaining factors were re-computed after each elimination. Eventually, parameters whose VIF value was lower than 4 were considered independent (39) and introduced in a new multi-linear regression: the global model.
Comparison of isotropic, anisotropic and global models
Adjusted coefficient of determination against ℂ (r 2 adj ), residual standard error (RSE) and their 95% confidence interval back-transformed into the normal scale (CI) (40) of the three statistically admissible multi-linear models (isotropic, anisotropic and global) were compared to determine the improvement following inclusion of fabric and other independent parameters.
Potentially, each new variable added to a model further explains the variation in bone elastic
properties. The extra contribution provided by each variable to the global model was evaluated using ANOVA (analysis of variance) and defined as the percentage of variation "additionally" explained by the newly introduced variable.
Results
Our models were validated by checking homoscedasticity of the morphological variables and normality of the residuals. In addition to a pooled dataset ("Combined"), the analyses were also conducted for each individual location because of various degrees of anisotropy (Table  1 ) and small but significant differences in the predicted stiffness tensor (Table 4) found between different anatomical locations.
No surprises arose from the replacement of BV/TV by other variables in the isotropic and anisotropic morphology-elasticity models. Even though pBV/TV provided slightly better results for the vertebral samples, the study confirmed that BV/TV is the best determinant for the elastic properties of bone in general (0.730 < r 2 adj < 0.983). Accounting for fabric anisotropy improves the predictions of all variables, independently of the location ( Table 2) .
Correlations between the morphological parameters (Table A1 ) confirmed that, unlike DA (r 2 < 0.148), BV/TV is highly correlated with most variables (0.341 < r 2 < 0.99). BV/TV being the best stiffness predictor, evaluation of its collinearity with the other morphological parameters, was necessary before their inclusion in a multi-linear model. Besides BV/TV and fabric, the stepwise VIF selection (Table 3) The predictive powers of the three models were then compared. Adding fabric anisotropy to an isotropic model based on BV/TV greatly improved its stiffness predictions. Adding other independent parameters to an anisotropic model had marginal effects. From the isotropic to the anisotropic model the amelioration was 13% for r 2 adj and 50% for RSE, but only 0.7% for r 2 adj and 12% for RSE from the anisotropic to the global model (Table 4 ). Therefore, the width of the confidence intervals of the residuals reduced drastically with the introduction of fabric, but the global model did not change the width relevantly ( Figure 2 ).
The contribution of each additional independent variable included in the global model was evaluated for all anatomical locations. In the radius, the most anisotropic location, the contribution of BV/TV was the lowest (73%) and the percentage of variation explained by fabric the highest (24%). Yet, generally, BV/TV was the parameter contributing the most to the variance explanation of the bone elastic properties (~87%), fabric described around 10% more, but the improvement in variance explanation by adding other independent factors was marginal (<1%), even compared to the residuals' (~3%).
Discussion
A strong relation between fabric and stiffness tensors has been demonstrated since the early 80's (36) and confirmed ever since. Bone features an optimized structure (41) and relationships based on BV/TV and fabric remain valid across anatomical locations (22, 26) and bone diseases such as osteoporosis (24) or hypoparathyroidism (27) . Continuum FE models already rely on the material constants determined from the homogenisation of trabecular cubes. They predict stiffness and strength of bone as well as µFE (42) , hence better than morphological parameters (43) . Finally, research now focuses on deriving fabric tensors from conventional CTs, either via gradient-based methods or mapping of µCT information (44) (45) (46) (47) . Nevertheless, morphological variables are still combined into multi-linear models to predict the mechanical properties of cancellous bone (14) (15) (16) (17) 21, 45) , but never compared to a combination BV/TV-fabric.
In this study, a systematic analysis of the stiffness and morphology of 743 samples extracted from femur, radius, iliac crest and vertebral body was performed to determine the relevant predictors of the bone elastic properties. It is now clear that, together, bone volume fraction and fabric anisotropy are the best explanatory variables to the elastic behaviour of trabecular bone, in general. After verification, this might even get extended to its post-elastic behaviour since stiffness, yield and ultimate strength of spongious bone are highly correlated (48) (49) (50) .
A major strength of the study is that it is not limited to the standard morphological indices, but also includes variables from non-conventional techniques such as TBS and ITS in the analysis. Aside from these two variables, few morphological factors such as TBS, Tb.Sp.SD or rTb.Th were not collinearly related with each other. Since its conception, TBS is presented as a parameter reflecting bone microarchitecture from DXA images (19) and the method receives much enthusiasm (51) (52) (53) (54) . Yet, the point is: TBS does not correlate with any microarchitectural parameter in our study. Previously, contradictory correlations have even been reported across anatomical sites and studies (20) . Other standard and ITS parameters have been reported by Liu et al. (16) , but the authors did not account for the anisotropy of the trabecular structure. They also constituted different regression models for each individual elastic and shear modulus, although a single orthotropic stiffness tensor represents the elastic behaviour of bone for six canonical load cases accurately (26) . The selection of the morphological variables also differed from our study. Liu et al. successively added eligible independent factors with the highest statistical strength to their multi-linear model. By quantifying the artificial inflation of variance due to multicollinearity, the stepwise selection based on the variance inflation factor (VIF) performed in our study prevents overfitting of the model (39) and constitutes yet another strength of our work.
The isotropic regression solely based on BV/TV can already explain between 73% and 91.7%
of the variation in elastic properties of iliac crest and radius, the most isotropic and anisotropic sites. Accounting for fabric raised the adjusted coefficient of determination r 2 adj to a minimum of 95.5%. Other morphological parameters potentially contained information to describe the remaining 4.5%. However, accounting for the independent TBS, standard and ITS indices in the anisotropic model improved the r 2 adj by only 0.02% maximum and hardly affected the estimates (Figure 2 ). Those results raise concerns. First, TBS is not related to the elastic properties of trabecular bone. Our implementation is based on the original description (18, 19) and the lack of relation of TBS with stiffness and strength has already been reported (20, 21) . From a mechanical standpoint, it remains therefore unclear how TBS can contribute to predict vertebral fracture risk. Due to the stepwise VIF selection, the ITS variables included in the global model were the least related to BV/TV and their input in terms of stiffness predictions was negligible. However, pBV/TV, bone volume fraction of the plate-like trabeculae, and aBV/TV, bone volume fraction of the trabeculae oriented in the axial directions, are potentially good substitutes for BV/TV (17) . Simply, BV/TV does not require extra discrimination between rod and plates and the orientation of the trabecular structures is already included in the fabric tensor. Moreover, for known bone tissue mineralization, BV/TV can be directly estimated from BMD (55) .
FE analysis has a number of key advantages with respect to direct mechanical testing: high reproducibility, no sample preparation artefacts, no damage-related boundary artefacts and no restriction in the number of assessed elastic constants. Any morphological feature that is captured in the µCT reconstruction at 18 µm is reflected in the FE analysis. Accordingly, we believe that FE analysis is the best-suited method to investigate the influence of morphology 
